Abstract
Introduction

21
The accurate characterisation of fracture attributes is essential for constraining fracture network step-wise propagation of the joint, rather than a simple continuing coalescence for a migrating process 58 zone.
59
In this study, we examine the manner in which the spatial distribution and geometry of joints in a 12-60 meter thick densely welded ignimbrite layer are affected by the geometrical and mechanical 61 characteristics of heterogeneities in the form of fiamme, which create mechanical heterogeneities 62 within the lithology. Although layering has been shown to play a significant role in the spatial 63 distribution of joints; in the absence of strong layering, mechanical heterogeneity within, may exert a 64 strong influence on joint network development. Our study is an example of how spatially heterogeneous rock strength impacts joint development and the properties of the resultant joint 66 network.
67
The observations and analysis presented here demonstrate that models of joint distribution, particularly 68 in thicker layers, that do not fully account for mechanical heterogeneity are likely to underestimate 69 joint density, the spatial variability of joint distribution and the complex joint geometries that result.
70
Our observations may also serve as an analogue for understanding the affect mechanical 71 heterogeneities can have on joint networks in layered sedimentary sequences.
72
Formation and properties of ignimbrites
73
The formation of ignimbrite deposits is a complex process that has significant impact on their 
86
The base of an ignimbrite is commonly marked by a vitrophyre, a massive fine-grained glassy layer 87 formed by rapid cooling of the pyroclastic material. Generally, the vitrophyre is devitrified to a yellow, 88 brittle, fine-grained powder (Ross and Smith, 1961 ). An ignimbrite may be composed of one or 89 multiple ash-flows. If each ash-flow has been emplaced in rapid succession then the whole body of 90 material will cool as a single cooling unit or layer (Smith et l., 1994; Wilson et al., 2003 
106
The temperature at which this ductile-brittle transition occurs is known as the glass transition The ignimbrite formation process significantly affects mechanical properties, and in particular, the 129 spatial heterogeneity of rock strength. Welding has the capability to form discrete mechanical layers 130 within the ignimbrite unit, although the gradational changes between facies may inhibit this outcome. 
Geological setting
137
The study area is located in the southwest of the caldera island of Gran Canaria, Spain (Fig. 1a) . Initial (Fig. 1b) . Ignimbrite B is a densely welded, ash and fiamme rich 143 ignimbrite, blanketing the west and south of the island and ranging in thickness from 10-30 m.
144
Coincident with caldera collapse and ignimbrite eruption was the formation of a system of extra-145 caldera faults (Troll et al., 2002) and fractures (Soden and Shipton, 2013) . Faults accommodating 146 extension during caldera collapse formed parallel to the caldera margin (Fig. 1a) , inflation of the 147 caldera during subsequent eruptive cycles reactivated these faults and formed an additional set of faults although some terminated within the face. For the total of 106 joints, the location and measured height 171 of each was plotted against distance along the line (Fig. 2c) . The use of a continuous scanline ensures 172 the data are not biased by site selection on the best exposed faces, as would potentially be the case for 173 discrete scanlines. Rather, our method provides a complete record from the exposed portions of the 174 joint system along the scanline. Given the lack of horizontal variation in ignimbrite composition and 175 the absence of faults in or near the sample line, we believe that the scanline captures the vertical 176 variation in joint development through this one ignimbrite unit. The fiamme within the layer were sampled using 25x25cm squares drawn on to the vertical road-cut The joints are steeply dipping having a mean dip of 85 0 , and orientated perpendicular to the unit base.
206
Vertical trace length ranges from 2.5 cm to 3.8m ( Fig. 2c) , although the maximum observed trace well defined NE-SW joint set with an average strike of 046, radial to the caldera margin (Fig. 4) , 2008) , the intersection angle between the mean strike of the two sets we observed is 82˚.
230
Furthermore, the angle of intersections between adjacent joints is predominantly less than 50˚ (Fig. 5 Hence, the joints interacted with these pre-existing features, rather than following a cooling front.
235
Thirdly, joint spacing increases and correspondingly, joint abundance decreases toward the top of
236
Ignimbrite B (Fig. 2d) . This geometric pattern is contrary to the expectation for joints formed in 
Joint intensity
244
The scanlines record data obliquely upwards through the unit (Fig. 2c) . We use these data to examine 
Fiamme mechanical properties
276
Although the ignimbrite is densely welded throughout, a number of observations suggest that the 277 fiamme are weaker than the ash matrix. Firstly, the ash matrix is pervasively jointed at the study site,
278
whereas only one fiamme has joints that only occur in the fiamme without entering the adjacent 279 welded ash. Secondly, SEM examination (Fig. 7) shows that the ignimbrite has undergone vapour 280 phase alteration, producing meshworks of interlocking micro-crystals in the ash, thereby reducing 281 porosity and strengthening the matrix ( 
Distribution of fiamme
291
Fiamme sampling squares 25x25cm were placed at heights of 0.25m, 1.5m, 5.5m, 8.5m and 10m
292
above the ignimbrite base for each of faces F0 through to F4, respectively (Fig. 2a) . The fiamme 293 density (# fiamme/cm 2 ) for each face is plotted against height above the unit base in figure 8a . A slight 294 drop in fiamme abundance within the ignimbrite between station F1 and F2 is observed (Fig. 8a) . The 295 decrease in mean fiamme abundance (Fig. 8a ) appears to coincide with the increase in mean joint spacing (Fig. 2d) , which we suggest indicates weaker fiamme are localising tensile stress and 297 promoting joint initiation and propagation.
298
Fiamme shape
299
The welding profile of Ignimbrite B was examined by measuring the aspect ratio of each fiamme 300 within the sample squares, from which the median aspect ratio for each face, as well as for the entire 301 ignimbrite layer, were determined. The median fiamme aspect ratio for Ignimbrite B is 5.5, with values 302 from each sample square ranging from 1.5 to 43 (Fig. 8b) between station F1 and F2 (Fig. 8b) , including the median, upper and lower quartiles of the aspect ratio 
Joint-fiamme interaction
313
From our analysis of the joint and fiamme data, we believe that the shape, material properties and 314 distribution of the fiamme strongly influence joint initiation and propagation within Ignimbrite B. To 315 investigate the potential role that fiamme shape had on joint propagation, we divided the fiamme data 316 into two groups -jointed fiamme (i.e. those where a joint steps across, cross-cuts or terminates at the 317 fiamme) and unjointed fiamme. A plot of these data shows that fiamme with greater aspect ratios are 318 more commonly intersected by a joint (Fig. 8c) . The results of a t-test demonstrate that at all 319 stratigraphic positions, a highly significant difference exists between the mean aspect ratio of the 320 jointed and unjointed fiamme, implying that joints intersect high-aspect ratio fiamme preferentially to 321 lower aspect-ratio fiamme (Table 1) .
322
Insert Table 1 323
Aspect ratio is a measure of fiamme compaction and hence potentially correlates with their mechanical 324 properties. We must consider, however, the possibility that high aspect-ratio fiamme merely have a 325 greater lateral extent, and consequently propagating joints have a greater probability of intersecting 326 them. Data to discount this possibility are shown in Figure 6 ).
334
Insert Table 2 335
Four types of joint-fiamme interaction are observed (Fig.6) : unlinked stepping joints and linked 336 stepping joints that step across fiamme (Fig. 6a & b) , single joints that pass straight through fiamme 337 (Fig. 6c) , and single joint tips located at fiamme, i.e. joint initiation or termination (Fig. 6b) . All joints 338 are orthogonal to the fiamme long axis. Importantly, as joint surfaces are unexposed and initiation 339 points and propagation paths unknown, joint geometries reflect joint interactions with fiamme.
340
Consequently, the observed joint tips may be a 2D section through a joint tip-line rather than the actual 341 joint initiation or termination point. The location of the joints along the fiamme long axis was defined 342 as either occurring at the fiamme tip or non-tip, where we defined the tip area as the distance from the 343 fiamme tip to one quarter way along the length of the fiamme.
344
The results of the joint-fiamme interation analysis are shown in Table 3 . For all faces, greater than 345 50% of all joint types intersect the tip area of the fiamme -F0 57.7%; F1 55.5%; F2 56%; F3 60.2%; 346 F4 76%. This supports our proposition that the high curvature fiamme tips localise tensile stress 347 resulting in joint initiation and propagation. The remainder of the joints intersect the central portion of 348 the fiamme, and hence, we infer that tangential stress resulting from a weak inclusion imbedded in a 349 stronger matrix also has a role to play in joint propagation.
350
The joint geometries also reflect differences in material properties between the fiamme and ash matrix.
351
The geometry of a joint is affected by the mechanical properties of the material through which it et al., 2006) . Hence, the observed joint 363 geometries reflect the variation in the relative strength between the fiamme and ash matrix, as well as 364 the different fiamme-ash interface mechanical strengths. Between 58% and 84% of joints cut straight 365 through fiamme (Table 3 ), suggesting that either the fiamme and matrix are of the similar strength, or 366 there is a strong fiamme-matrix interface. The greater proportion of these straight joints cut the fiamme 367 tip, indicating a difference in material property between the fiamme and ash, as is shown by our SEM 368 analysis. Further, the fiamme in this group have high aspect ratios indicating a strong degree of 369 compaction and welding. Hence, the geometry is likely a result of a strong fiamme-ash interface. The 370 next most frequently observed joint type are joint tips located at fiamme, however as we have stated, 371 these may not be true joint tips and without seeing the joint surface we cannot say if these are joint 372 initiation or termination points. It should be noted, however, that the lower tip of a joint is never 373 observed (they all propagate down to the path or layer base). Hence, it seems likely that many 374 observations of joint tips are terminations of upwardly propagating joints. In which case, given that the 375 mean fiamme aspect ratios of this group do not differ greatly to fiamme in the other two groups, these 376 fiamme must be much weaker than the ash matrix. As such, the weak fiamme are acting to terminate 
384
Fiamme in the linked stepping joint group have mean aspect ratios less than or similar to fiamme cut 385 by straight joints. The latter case may reflect fiamme which having undergone vapour phase alteration 386 and are weaker than the matrix.
387
Insert Table 3 388
The observations summarised in Table 3 Based on our analysis, we believe that the control on joint intensity within Ignimbrite B is the spatial 400 distribution, geometry and mechanical properties of the fiamme in the unit rather than the thickness of 401 the unit. Joint intensity is greatest where the fiamme aspect ratio is greatest at the unit base. We 402 propose this relationship is due to larger stress concentrations at the tips of the more elongate fiamme, 403 which are weaker than the surrounding ash matrix, and to stress tangential to the weaker fiamme 404 embedded in the stiffer matrix; providing favourable sites for joint nucleation (Fig. 9) . If a joint 405 approaches a densely welded fiamme, propagation straight through or with a step across the fiamme is 406 likely, depending on the fiamme-ash mechanical contrast and the fiamme-ash interface strength. If a 407 joint encounters a less welded, low aspect ratio fiamme it is more likely to terminate. We propose that 408 joints propagate upward, and as they propagate upward they, encounter progressively fewer and less 
Conclusions
421
We study joint frequency and orientation throughout the full thickness of an ignimbite located on the joint density within a layer, and that predictions of joint density based on layer thickness will differ 681 greatly from the density and distribution of joints formed in a mechanically heterogeneous layer.
682
Within the layer mechanical heterogeneities can i) localise tensile stress and initiate joints and ii) act as 683 discontinuous mechanical sub-layers promoting or inhibiting joint propagation and influencing joint 684 geometry.
